Abstract The β-decays of neutron-rich carbon, nitrogen and fluorine isotopes have been systematically studied using the OXBASH shell Model. In the psd, spsd and spsdpf model space, we use the W BP interaction to calculate the half-lives and neutron emission probabilities of neutronrich carbon and nitrogen isotopes, respectively. With the U SD (W ) and CW interactions, we calculate the half-lives and neutron emission probabilities of neutron-rich fluorine isotope in the sd model space, respectively. The calculated half-lives and neutron emission probabilities reproduce recent experimental data very well. It seems to show that the particles of the neutron-rich carbon and nitrogen isotopes are mainly excited in the spsd space. The β-decay of 21 N to the neutron bound states in 21 O is mostly the first forbidden transition which makes the neutron emission probability increase. The theoretical calculation of β-decay of 25 F to 25 Ne with CW interaction shows that CW interaction is better than U SD interaction.
Introduction
More and more neutron-rich nuclei have been studied due to the development of radioactive beam techniques. Investigation of neutron-rich nuclei far from the stability line has revealed that these nuclei usually have large decay energy and some nuclei have β-delayed neutron emissions. For example, the neutron emission probability (P n ) of 11 Li β-decay is around 92% [1] . Thus, measurement of the half-life and neutron emission probability of the β-decay plays an important role in the study of nuclear structure. There are two types of allowed β decays, named the Fermi and Gamow Teller transitions. The Gamow Teller transition is highly dependent on the nuclear structure [2] . Systematic studies of nuclear structure in light neutron-rich nuclei have been made by BROWN and WILDENTHAL for the A=17∼39 nuclei [3, 4] . CHOU et al. extended the studies of BROWN and WILDENTHAL from the sd space to the psd space for A ≤18 nuclei in 1993 [5] .
An important subject in nuclear physics is to understand the new magic structure of exotic nuclei [6] . Recently, some new magic numbers around the drip line are predicted. When nuclei are approaching the drip line, shell structure and the magic numbers can be very different from those in the β-stability line [6, 7] . For example, for oxygen isotopes, theoretical calculations indicate that large shell gap occurs at N =14 and N =16 [8] . The former is between the 1s 1/2 and 0d 5/2 orbits, while the latter is between the 0d 3/2 and 1s 1/2 orbits. The studies also show that the 0d 3/2 is always in the positive energy region, which means that the drip line of oxygen may be at N =16 [9] . At the same time, people found a large gap at Z=14. Both of them provide evidence for the N = 14 closed subshell. Recent experiment studies also extended our knowledge for new magic numbers N = 14 and 16 [10∼18] . Fig. 1 shows the half-lives and neutron emission probabilities as a function of the neutron number for nuclei with 6 ≤ Z ≤ 10 [19∼21] . The general trend of decreasing half-lives with increasing neutron number is apparent because of the decreasing binding energy. The peak in the half-life plot at N = 14 for neon isotopes can be explained by the fact that it has N =14 subshell closure. For the neutron emission probabilities, the tip in the P n plot at N = 16 for oxygen and fluorine isotopes indicates extra stability due to N = 14 subshell closure. In contrast to the oxygen and fluorine isotope, the peak at N = 14 for nitrogen isotopes cannot be explained by any extra stability from the N = 14 closed subshell, because the neutron daughter of 21 N does not belong to a closed-shell configuration.
OXBASH shell model
The shell model is a good theoretical model to study the β decay. It can be used to accurately describe the decay properties of light neutron-rich nuclei, if a suitable mode space and an appropriate interaction are chosen.
With the OXBASH shell-model code [22] , we investigate the β decay of neutron-rich carbon, nitrogen and fluorine isotopes. β decay lifetime is usually given in terms of
As is discussed in more detail in Ref. [23] , the total decay rate λ for a given initial state can be expressed as:
where f is a phase-space factor, and K 0 is a constant which is determined by
m 5 e c 4 = 1.8844 × 10
The signal of ± refer to β ± decay, g V and g A are the weak-interaction vector (V ) and axial-vector (A) coupling constants, respectively. B i,f (F ± ) and B i,f (GF ± ) are the reduced matrix elements of Fermi decay and Gamow-Teller decay, respectively.
According to the OXBASH code, the neutron emission probability is expressed as [24] :
Here Q β Z = total energy available in the β-decay of the precursor (Z, N ) ; B n (Z+1) = neutron binding energy in the emitter (Z + 1,
given by Fermi theory and the Gamow-Teller selection rules; ω Z+1 (E, J π Z+1 ) = density of levels with spin J Z+1 and parity π in the emitter at the excitation energy E; Γ jn n (E n ) = neutron width for l -wave neutrons; Γ tot = total width.
In our calculations, the WBP interaction is used for the neutron-rich carbon and nitrogen isotopes in the psd,spsd and spsdpf model space. For the neutron-rich fluorine isotopes, the USD(W ) and CW interactions are used in the sd model space. Furthermore, we calculate the β-decay of 25 F to 25 Ne with the CW interaction and the USD interaction. The calculated level scheme of 25 Ne and the calculated half-life and neutron emission probability of 25 F are compared with the experimental data.
3 Results and discussion
Calculations of C and N isotopes
In the psd, spsd and spsdpf model spaces, the W BP interaction is used to calculate the half-lives and neutron emission probabilities of neutron-rich carbon and nitrogen isotopes. The calculated results are plotted in Fig. 2 and Fig. 3 , and show that the calculations in the psd and spsd model spaces are in a better agreement with the experimental data than that in the spsdpf model space, which means that for the neutron-rich carbon and nitrogen isotopes, the pf orbital may not play an important role. Also the calculations reproduce very well the peak in P n plot at N = 14 for the nitrogen isotopes. Theoretical results indicate that the β-decay of 21 N to the neutron bound states in 21 O, compared with the β-decays of neighboring isotopes, are mostly the first forbidden transitions, which results in a decrease in the total branching ratios to the neutron bound states in 21 O and an increase in the total branching ratios to the neutron unbound states in 21 O. For the neutron emission probabilities of heavier neutron-rich carbon and nitrogen (N > 14), our theoretical results are a little larger than the experimental data. These differences can be ascribed to the experimental detection technology. For these nuclei, the emitted neutrons were detected by the scintillation detectors with the time-of-flight method [20] . Since the neutron detection thresholds of these detectors are around 400 keV, some low-energy neutrons cannot be detected, thus not included in the experimental data. Our theoretical calculation contains all the neutrons emitted in the β-decay.
For the experimental neutron emission probabilities of these lighter neutron-rich carbon and nitrogen (N ≤14), the emitted neutrons were detected by the 3 He gas detectors [19] which can detect all the neutrons. Thus our theoretical results give a better agreement with the experimental data.
Calculations of F isotopes
For the neutron-rich fluorine isotope, the USD(W) and CW interactions are used to calculate the halflives and neutron emission probabilities in the sd model space. The calculated results are plotted in Fig. 4 , which shows that the overall agreements between the theoretical calculations and the experimental data are good. Although the calculated half-lives are a little smaller than the experimental data, it well reproduces the tip in P n plot at N = 16 for fluorine isotope arising from N = 14 subshell closure. 25 Ne and the shell model calculations with the USD interaction [25] . Compared with the experimental results, the shellmodel predictions with the USD interaction showed overall poor agreement. Here, we use CW interaction to perform calculation. The experimental half-life of 25 F is 80∼96 ms. The calculated half-life using USD interaction is 35.5 ms [25] , while the calculated half-life using CW interaction is 103 ms. The calculations using the CW interaction reproduce the doublet state around 3300 keV very well, while the USD interaction does not. Thus the CW interaction seems to be better in describing the β-decay of 25 
Summary
Using the OXBASH shell model code and the W BP and CW interactions, we carry out systematic studies on the β-decay of neutron-rich carbon, nitrogen and fluorine isotopes. The calculated half-lives and neutron emission probabilities reproduce recent experimental data very well. The general trend of half-lives is decreasing with increasing neutron number. For the neutron-rich carbon and nitrogen isotopes, the particles are mainly excited in the spsd space. The β-decay of 21 N to the neutron bound states in 21 O is mostly the first forbidden transition, which makes the neutron emission probability increase. The peak in P n plot at N = 16 for fluorine isotope is attributed to N = 14 subshell closure. The theoretical calculations of β-decay of 25 F to 25 Ne using CW interaction show that CW interaction is better than U SD interaction.
